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. For the sake of simplicity, we assume without loss of generality that all genes are transcribed on the forward ("Watson" (Cartwright and Graur, 2011) A nucleotide alignment partitions the set of genomic positions (i, j) : i = 1, . . . , n; j = 1, . . . , 3 i into equivalence relations; each equivalence relation is a homology statement between nucleotide positions of different sequences, written as (i, j) nuc ∼ (i , j ). Every equivalence class includes at most one position for each i, and the statements are pairwise collinear (Ghiurcuta and Moret, 2013) : for every (i, j 1 ) and (i, j 2 ) with j 1 < j 2 , there exist no position pairs (i , j 1 ), (i , j 2 ) in any other gene i with j 1 > j 2 that are simultaneously homologous (i, j 1 ) nuc ∼ (i , j 1 ) and (i, j 2 ) nuc ∼ (i, j 2 ). A codon index is formed by phased triplets i, k = (i, 3k − 2), (i, 3k − 1), (i, 3k) , and a codon alignment imposes triplet homologies: for any i, i , k, k , (i, 3k − 2) nuc ∼ (i; 3k − 2), (i, 3k − 1) nuc ∼ (i , 3k − 1) and (i, 3k) nuc ∼ (i , 3k ) hold either simultaneously at once, denoted as i, k codon ∼ i , k , or not at all. The corresponding codon-level equivalence classes are the alignment columns j = 1, . . . , m, indexed in increasing order of genomic coordinates of the underlying genes; every column contains at most one codon i, k for every sequence i. Accordingly, the alignment is described as an n × m matrix A = (a i,j ), where each entry a i,j : i = 1, . . . n; j = 1, . . . , m is either a gap character, or a codon index i, k . By collinearity, a i,j : j = 1, . . . , m contain all i, k : k = 1, . . . , i , in consecutive order of k.
A.2 Joint representation of exon junctions and codon-level alignment
The structure of gene i is described by the intron gaps between consecutive genomic positions x (i) j ; exons are formed by the maximal segments x
j + 1 + λ is either in phase 1 if j = 3k − 2, or in phase 2 if j = 3k − 1, or in phase 0 if j = 3k for some k. Phase 1 and phase 2 introns belong to a unique column j in the alignment A, where a i,j = i, k . Phase 0 introns may fall into a gap, when i, k and i, k + 1 are in non-adjacent alignment columns. Consider the codon homologies in genes i, i . For any codon i, k , either exists a unique homologous codon i, k codon ∼ i , k , or there is no homology in i . A match segment is a maximal segment of successive codon homolo-
As for the exon-intron structure of gene i, we are interested in an intron's gap distance, i.e., in the number of codon matches (upstream or downstream) next to an exon junction. For a phase 1 or 2 intron, which interrupts codon i, k that has no homolog in gene i , both gap distances are 0. Otherwise, if codon i, k is within a match segment covering codons i, k − a , . . . , i, k + b , then the upstream gap distance is (a + 1) and the downstream gap distance is (b + 1).
In order to calculate the statistical significance of bias in gap distance distributions, we collect information on the segment lengths for a pair of genomes i, i . Let n M (d) denote the number of match segments with length d, across all the aligned orthologous genes, and let D denote the total number of deleted codons in genes of i. Define 
A.3 Intron contexts
Intron contexts are built from conserved codons in pairwise alignments. For an intron in gene i, conservation with respect to all other genes i is considered. Conservation is measured by log-odds scores (Durbin et al., 1998) for matches i, k codon ∼ i , k , calculated specifically for the genome pair i, i . Taking all the aligned codons in genes of i, i , we compute the number of columns where every non-terminal codon pair (a, b) appears, denoted as c a→b , as well as the number of times every non-terminal codon b is used in genes of i , denoted as c b . Then the score for matching codon a with b is
where · means rounding up to the nearest integer, and α = 1000 √ 10 (i.e., conservation is measured in millibans). The score for a run of matches
An anchor is defined as a run of matches within the same match segment, scoring above a predefined threshold τ , without intervening introns in any of the two sequences. (Note that there might be no upstream or downstream anchor.) In our analysis, threshold τ is chosen as the expected score of four matches:
We find the nearest upstream and downstream anchors from an exon junction by adapting Kadane's linear-time algorithm for finding a maximumscoring segment (Bentley, 1984) . An anchor that includes the match i, k
Intron contexts are formed by overlapping regions bracketed by upstream and downstream anchors. An intron context provides a consistent coordinate system, if its upstream and downstream anchors are consistent among themselves: for all triples of genes i, i , i for which the upstream (or downstream) anchors lie on diagonal offsets ∆ i→i , ∆ i →i , ∆ i→i , we have
We keep consistent intron contexts that contain all n homologs, with at most one bracketed exon junction in each. Note that ∆ i→i is defined by the anchors only if i contains an intron: we extend the notation in consistent contexts to include ∆ i →i = −∆ i→i and ∆ i →i = ∆ i →i + ∆ i→i where i , i have no introns and gene i is an arbitrary intron-bearing gene.
A.4 Putative reannotation and ancestral reconstruction
Given a consistent intron context, diagonal offsets ∆ i→i are defined upstream and downstream for all gene pairs i, i , and all triples satisfy (1).
Using the diagonals, a genomic position
When gene i contains an intron, the corresponding donor and acceptor sites are projected onto every other homolog i , and marked if gene i has a possible splicing motif there. More precisely, we project the two intronic positions immediately next to the splice site using upstream diagonals for donor, and downstream diagonals for acceptor sites, and we inspect the 2-nt genomic sequence motif found there. Candidate donor motifs are GT, GC, AT , and candidate acceptor motifs are AG, AC, TG . Candidate introns are formed by pairing annotated sites and projected sites with proper motifs in all donor-acceptor combinations provided they are in matching phases, do not introduce premature stop codons, and have a minimum length of 24 nt.
Given a phylogeny, we label every tree node either with pairs of donoracceptor site coordinates (d, a), or with ∅ for no intron. Labels are encoded using donor-side and acceptor-side coordinate projections onto the same (arbitrary) reference gene i = 1; i.e., a 2-nt donor motif at (projected or annotated) positions x ..x + 1 in gene i is encoded as d = f i →1 (x ) = x + ∆ i →1 . Likewise, acceptor site coordinates are encoded by using the projections defined by the downstream diagonal offsets. A terminal node with an annotated intron can be labeled as ∅ only if the intron length is a multiple of three, and the sequence introduces no stop codon. For ancestral nodes, we consider the label set comprising all phase-matched pairs formed by donor and acceptor sites at the terminal nodes, and ∅. At terminal nodes, reannotation of each site, or the "exonification" of an intron (label ∅) is penalized by unit penalty. The reconstruction uses the following edge penalties (which were chosen so that two losses are favored over one gain, and up to five splice sites can be reannotated for the price of a loss or a shift):
The score for a complete labeling is the sum of edge penalties, plus the reannotation penalties at terminal nodes. A minimum-score labeling is found by adapting Sankoff's dynamic programming algorithm (Sankoff and Rousseau, 1975) for the context-specific label set. 
